Abstract: Pyrolysis of high density polyethylene (HDPE) in the open system was studied. A plastic bag for food packing was used as a source of HDPE. Pyrolysis was performed at temperatures of 400, 450 and 500 °C, which were chosen based on thermogravimetric analysis. The HDPE pyrolysis yielded liquid, gaseous and solid products. Temperature rise resulted in the increase of conversion of HDPE into liquid and gaseous products. The main constituents of liquid pyrolysates are 1-n-alkenes, n-alkanes and terminal n-dienes. The composition of liquid products indicates that the performed pyrolysis of HDPE could not serve as a standalone operation for the production of gasoline or diesel, but preferably as a pre-treatment to yield a product to be blended into a refinery or petrochemical feed stream. The advantage of a liquid pyrolysate in comparison to crude oil is the extremely low content of aromatic hydrocarbons and the absence of polar compounds. The gaseous products have desirable composition and consist mainly of methane and ethene. The solid residues do not produce ash by combustion and have high calorific values. Co-pyrolysis of HDPE with mineral-rich lignite indicated positive synergetic effect at 450 and 500 °C, which is reflected through the increased experimental yields of liquid and gaseous products in comparison to theoretical ones.
INTRODUCTION
The plastics are one of the most widely used materials. The plastics production has increased by an average of almost 10 % every year on a global basis since 1950. 1 High density polyethylene (HDPE) is the third largest produced plastic material in the world, after polyvinyl chloride and polypropylene, in terms of volume. It was estimated that 1.75 kg of petroleum (in terms of energy and raw materials) is necessary to make 1 kg of HDPE. 2 The recycling of plastics and the conversion of polymeric materials into useful products, on the large scale, have been occurring for more than 20 years. The recycling of plastics could be performed via pyrolysis, hydrolysis, hydrogenation, methanolysis and gasification. The most attractive technique for the recycling of hydrocarbon polymers, such as HDPE, low density polyethylene and polypropylene is pyrolysis. 1 The pyrolysis process considers the thermal cracking of the polymeric material by heating in the absence of oxygen, which results in the formation of a solid residue (char), liquid product and gas. Yields of the products mainly depend on the pyrolysis temperature, the reactor type and the presence of catalysts. The pyrolysis of HDPE is usually conducted at temperatures between 400-600 °C. The most common catalysts used in this process are: zeolites, alumina, silica-alumina, fluid catalytic cracking (FCC) catalyst, reforming catalyst etc. 1, 2 The usage of catalyst facilitates the degradation of HDPE at lower temperatures, even below 400 °C and changes reaction mechanism from radical into ionic. [2] [3] [4] [5] Numerous studies provide the data regarding the optimized HDPE catalytic pyrolysis conditions, giving the highest yield of liquid or gaseous products. The brief overview of the literature data is given in the Supplementary material to this paper.
However, in recent years apart from the pyrolysis of waste HDPE alone, or in the mixture with other plastic waste material, its co-pyrolysis with oil shale and coal gained increasing attention. [6] [7] [8] [9] Namely, the plastic materials, such as polyethylene and polypropylene can be the source of hydrogen, during the pyrolysis of hydrogen depleted natural products, such as coal. In that way the copyrolysis of HDPE and coal results in the balance of carbon and hydrogen contents, giving the opportunity to certain advantages of the co-pyrolysis process. However, the optimized conditions for catalytic pyrolysis of HDPE alone are not appropriate for the pyrolysis of coal. On the other hand it was proven that the pyrolysis of coal or oil shale in the closed system favours the secondary processes due to the retention of products in the reaction medium. The close contact and the interaction of primary pyrolysis products with each other, as well as with the hot particles for relatively long time (at least few hours) facilitate the secondary reactions, such as further thermal oil cracking, coking of oil vapour on carbon residue, as well as recombination, condensation and aromatisation processes.
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tionally, the yield of the solid residue can be affected by the coke aggregates and its accumulation on the solid residue. 10 On the other hand, in the open system, the secondary processes occur less, because of the relatively short residence time of the primary generated products, that are being carried by an inert gas, and then immediately collected in a cold trap.
14 Recently, the pyrolysis in the open system has been proven as a method for significant thermal degradation of the following polymeric materials: carboxymethyl cellulose, hydroxyethyl cellulose, polyacrylamide and poly(vinylpyrrolidone) as well as for the accurate detection of their primary pyrolysis products. [15] [16] [17] Considering that the pyrolysis of oil shale and coal in the open system prevents secondary processes, enabling higher yield of liquid products and that their co-pyrolysis with HDPE can be an attractive way to improve the conversion of these natural substrates into liquid products, as well as for the utilisation of waste HDPE, in the present paper pyrolysis of HDPE in the open system was studied in detail. Plastic bag for food packing was used as a source of HDPE. Its purity and thermal behavior was checked by elemental analysis and thermogravimetric analysis (TGA). Pyrolysis was performed at temperatures of 400, 450 and 500 °C. These temperatures were chosen based on TGA results. The solid residues were characterised by elemental analysis. The composition of liquid pyrolysis products was determined by the gas chromatography-mass spectrometry (GC-MS) technique, whereas the qualitative composition of gaseous products was estimated indirectly, based on Fourier transform infrared spectroscopy (FTIR) data from TGA. In order to compare the degradation behaviour of HDPE with cracking of kerogen from oil shale and coal in natural conditions, the stable carbon isotopic composition of the initial HDPE, solid and liquid pyrolysis products was measured. The possible application of obtained pyrolysis products has been proposed. Moreover, by co-pyrolysis of HDPE and mineral-rich lignite in the open system, positive synergetic effect at temperatures of 450 and 500 °C has been observed.
EXPERIMENTAL
A plastic bag for food packing was used as the raw HDPE material. Thermogravimetric analysis (TGA) was conducted using a Netzsch STA 449C instrument. 5.3 mg of sample was heated from 27 to 900 °C, at heating rate of 10 °C min -1 . Nitrogen was used as the purge gas with the flow rate of 60 cm 3 min -1 . The heating rate of 10 °C min -1 was chosen, because at high heating rates, especially for endothermic reactions, the furnace temperature increases faster than the sample temperature, resulting in error of measurement, particularly when analysis is carried out in non-isothermal mode. 18 Fourier transform infrared spectroscopy (FTIR) was applied for the qualitative identification of generated gases, using ATI Matson Infinity Series FTIR instrument. The flow rate of nitrogen was chosen to optimize analysis of gases. TGA-FTIR analysis was done at the Department of Product Engineering, Montanuniversität Leoben, Austria, whereas other analyses were performed at the Faculty of Chemistry, University of Belgrade.
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Pyrolysis of HDPE was performed in the open system (Carbolite tube furnace model MTF 10/15/130, UK) under a nitrogen atmosphere during 4 h at three temperatures: 400, 450 and 500 °C, with the heating rate of 5 °C min -1 . The temperature range between 400 and 500 °C was chosen, based on the thermogravimetric properties of HDPE. The furnace (15 cm long) was equipped with a quartz tube (inner diameter 1 cm), which was 4.5 time longer than furnace. The quartz tube was situated within the furnace and the equal parts of the quartz tube were outside of furnace. The tube was connected with the nitrogen supply at the one side, while the other was connected with a trap (cooled to 0 °C), filled with 20 cm 3 of chloroform to which the pyrolysis products were transferred by the N 2 flow. The liquid products were collected in the cold trap, where the released gases could not be collected. The sample (1 g) was situated in the quartz vessel and the vessel with the sample was transferred into the pyrolysis furnace in the middle of the quartz tube.
The liquid product was extracted from the pyrolysis system using chloroform and combined with liquid product collected in the cold trap. Chloroform was removed by a rotary vacuum evaporator. The liquid product was dried to the constant mass at ambient conditions. The solid residue was dried in air and weighed, whereas yield of gas was calculated as: 100 % -(yield of liquid pyrolysate + yield of solid residue). Pyrolysis of HDPE at all three temperatures was performed 4 times and the average yields are reported here with standard deviations less than 0.5 %.
The liquid pyrolysis products obtained by the HDPE pyrolysis were analysed by gas chromatography-mass spectrometry (GC-MS). The detailed description of this analysis is given in the previous publications. 13, 19, 20 The elemental analysis and the determination of ash content of the initial HDPE and the solid residues were performed according to the procedures which were explained in detail in the previous papers. 20, 21 For the determination of the carbon isotopic composition (δ 13 C) of initial HDPE, liquid and solid pyrolysis products, 0.2-0.6 mg of sample was weighted using the microbalance (MX-5 ultramicrobalance, Mettler-Toledo, Giessen, Germany) and the sample was transferred into a small tin container (IVA Analysentechnik Meerbusch, Germany). The container was closed by tweezers. The capsules were placed in an autosampler (Thermo Scientific MAS 200R). A Flash EA 2000 HT elemental analyser was used, coupled to a Thermo Scientific Delta V Advantage isotope ratio mass spectrometer, via ConFlow IV Interface (He pressure: 80 kPa, CO 2 pressure: 200 kPa). The elemental analyser was operated in the NC (nitrogen--carbon) mode and controlled by the Isodat 3.0 software. Settings of elemental analyser were: reactor temperature 1020 °C, GC temperature 60 °C, carrier flow 100 cm 3 
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In order to evaluate the synergetic effect between HDPE and the low rank coal, the pyrolysis of the mineral-rich lignite, originated from the Kostolac Basin 20 and its co-pyrolysis with HDPE in the mass ratio 1:1 (lignite/HDPE mixture) were also performed under the same conditions as for HDPE alone. Mineral-rich coal was chosen since this lithotype contains lower amount of organic matter than matrix-and xylite-rich coal. 22, 23 Therefore, it allows to study of the influence of HDPE on the lowest quality low rank coal, by co-pyrolysis. As for the pyrolysis of HDPE alone, all experiments were repeated 4 times and the average yields are reported here with standard deviations less than 0.3 and 0.5 % for lignite and lignite/HDPE mixture, respectively.
RESULTS AND DISCUSSION

Results of TGA analysis
The purity and the thermal properties of plastic bag, which was used as a source of HDPE, were evaluated by TGA and elemental analysis ( Fig. 1 ; Table  I ). Both analyses were in accordance with previously reported results.
1,24 TGA indicates that the thermal degradation of HDPE starts about 420 °C and almost finishes about 500 °C (Fig. 1) . The differential scanning calorimetry (DSC) showed two main peaks (Fig. 1 ). The first peak at 130 °C corresponds to the melting of HDPE without the loss of mass. The second peak, associated with the mass loss, started at 390 °C and finished at 505 °C. The presence of a single peak in the derivative weight loss analysis ( Fig. 1) indicates that there is only one degradation step in which the conversion takes place. The temperature of the maximum volatile matter releasing is 481.6 °C, and maximum rate of the volatile matter evolution of 33.52 % is observed at 483.6 °C.
Temperatures for the open pyrolysis experiments were chosen based on TGA data. Although the appreciable mass loss at 400 °C was not recorded, the pyrolysis in the open system was performed at this temperature in order to check the influence of time (4 h at 400 °C versus only 6 s in TGA). 
Yields of the HDPE pyrolysis products
The pyrolysis of HDPE in the open system yielded liquid (oil), gaseous and solid products. The distributions of these products are different at different temperatures and are shown in Table II . As expected, the increase of the temperature from 400 to 500 °C resulted in the increase of HDPE conversion into liquid and gaseous products (Table II) . The increase of oil yield, associated with the decrease of yield of the solid residue, was more pronounced between 450 and 500 °C than between 400 and 450 °C. This result is consistent with the results of TGA (Fig. 1 ). On the other hand, the increase of yield of gases between 400 and 450 °C, as well as between 450 and 500 °C was uniform, about 4 % (Table II) . This result implies that the secondary process of the further thermal oil cracking into gas is avoided to the great extent in the open system pyrolysis.
Carbon isotopic composition of initial HDPE, solid and liquid pyrolysis products
The results of the carbon isotopic composition of initial HDPE, solid and liquid pyrolysis products (gases were not measured) are given in Table III . The initial HDPE has δ 13 C of -31.3 ‰. The liquid and the solid products at 400 °C are enriched in 13 C in comparison to the initial HDPE. The content of 13 C is higher in solid than in liquid product. This result indicates that the degradation of polymer in the open system pyrolysis follows the order of degradation of the carbon-carbon bonds in natural conditions, since the breaking of chemical bonds in which 13 C isotope participates requires more energy than the breaking of 12 C-- 12 C bonds. 25 The increase of temperature from 400 to 450 °C results in further degradation of solid residue enriched in 13 C, which is reflected through the increased content of 13 C in liquid product (Table III) increase to 450 °C the liquid product can be partly degraded to lighter gaseous products (enriched in 12 C), which also contributes to its 13 C enrichment. The temperature increase from 450 to 500 °C is associated with further degradation of the solid product, whose yield decreased (Table II) and the production of liquid and gas. In accordance with the preferable cleavage of bonds where 12 C participates, the enrichment of liquid product in 12 C and the solid residue in 13 C was observed (Table III) . Data considering the isotopic compositions of HDPE and its pyrolysis products are scarce in literature. Despite the usage of different HDPE sources, our results are close to the reported δ 13 C data of the individual n-alkanes in liquid pyrolysates of HDPE at 500 °C, ~ -30 ‰. 26 
The composition of liquid pyrolysis products
The main constituents of all liquid pyrolysates of HDPE are terminal n-alkenes, n-alkanes and terminal n-dienes (Fig. S-1 of the Supplementary material; Table IV ). These compounds are identified in range from C 12 to C 43 . Peaks of individual n-alkenes, n-alkanes and n-dienes can be accurately separated and integrated from the Total Ion Chromatogram (TIC) up to C 27 homologue. Therefore, the general composition of liquid pyrolysis products were firstly estimated based on the total abundances of C 12 -C 43 hydrocarbons, representing the sum of n-alkanes, 1-n-alkenes and terminal n-dienes, containing the same number of carbon atoms (Table IV) .
The liquid pyrolysis product obtained at 400 °C is characterised by a broad maximum in range from C 24 to C 32 ( Fig. S-1a ; Table IV ). The liquid pyrolysis product at 450 °C has almost equal abundances of C 15 to C 33 total hydrocarbons, whereas in liquid pyrolysate at 500 °C the most prominent are C 15 -C 19 hydrocarbons ( Fig. S-1b, c ; Table IV ). This result suggests that in the open system pyrolysis at temperatures below 450 °C HDPE is mainly degraded into mid-to long-chain hydrocarbons, while above this temperature more intense cracking of mid-and long-chain intermediates occurs as well. This is consistent with the observation that lower molecular weight models of the normal chain unit are more stable than the initial polymer. 2 In all three liquid pyrolysates, the terminal n-alkenes in range C 12 -C 27 prevail over the corresponding n-alkanes and the terminal n-dienes, reaching the almost identical content of ≈51 %. The temperature increase from 400 to 500 °C resulted in the rise of n-diene content, associated with almost equal decrease in n-alkane abundance (Table IV) . Temperature, °C Total C 12 -C 27 a n-alkanes, 1-n-alkenes and terminal n-dienes, % Ratios of sum of C 12 -C 27 homologues The application of typical ion fragmentogram m/z 71 enabled the accurate separation and the integration of n-alkane peaks of up to C 32 . The liquid pyrolysis product obtained at 400 °C is characterised by the predominance of mid-and long-chain C 23 to C 32 n-alkanes over lower homologues (C 12 -C 22 ), with the broad maximum in range from C 24 to C 28 . The liquid pyrolysis product at 450 °C has almost uniform contents of C 12 to C 32 n-alkanes, whereas in the pyrolysate at 500 °C the prevalence of lower homologues (C 12 -C 22 ) is obvious, with maxima in C 15 -C 18 range (Fig. 2a) . The liquid pyrolysis product obtained at 500 °C has the distribution of n-alkanes similar to those typical of terrestrial oil. 25 The contents of short-(C 12 -C 18 ), mid-(C 19 -C 25 ) and long-chain (C 26 -C 32 ) homologues indicate that the temperature rise is mainly reflected through the decrease of long-chain homologues, associated with the increase of short-chain n-alkanes, whereas the abundance of the mid-chain homologues remains almost constant ( Fig. 2 ; Table V) .
The average chain length (ACL) showed a slight decrease with the temperature rise (Table V) . The carbon preference index (CPI) 27 values, representing the ratios of odd versus even n-alkanes are close to 1, in whole range of n-alkanes (C 12 -C 32 ), as well as for short-(C 12 -C 18 ), mid-(C 19 -C 25 ) and long-chain (C 26 --C 32 ) homologues, independently of the pyrolysis temperature. However, a slight ________________________________________________________________________________________________________________________ Available on line at www.shd.org.rs/JSCS/ (CC) 2018 SCS.
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predominance of the odd homologues is observed for short-chain homologues, C 12 -C 18 (Table V) . The distribution of terminal n-alkenes was studied using typical m/z 83 fragmentogram ion, allowing the accurate separation and the integration of peaks of up to C 32 . Distributions of terminal n-alkenes in liquid pyrolysates, at all three temperatures, are very similar to the distributions of n-alkanes (Fig. 2a, b) , having almost identical ACL and CPI values (Table V) . This result suggests that these two types of hydrocarbons were formed via the same radical reaction processes, consistent with the presence of a single peak in the derivative weight loss analysis (Fig. 1) .
________________________________________________________________________________________________________________________ Available on line at www.shd.org.rs/JSCS/ (CC) 2018 SCS. designates n-alkane, 1-n-alkene, n-alkylcyclohexane or terminal n-diene homologue, and x represents total number of carbon atoms
The detailed inspection of m/z 83 fragmentogram ion allowed us to identify n-alkylcyclohexanes ranging from C 12 to C 26 (total number of carbon atoms; Fig.  2c ), however in much lower abundance in comparison to n-alkanes, n-alkenes and n-dienes. The presence of n-alkylcyclohexanes in all pyrolysates indicates the cyclisation of alkyl-radicals during pyrolysis. The ratio of total n-alkylcyclohexanes to total 1-n-alkenes, calculated from m/z 83 fragmentogram is relatively uniform, ~ 0.03, showing slight increase from 400 to 450 °C and then slight decrease from 450 to 500 °C. The distributions of n-alkylcyclohexanes are similar in all pyrolysates, showing maxima at C 21 (Fig. 2c) . This result could be explained by the fact that the long-chain radicals (> C 25 ) have been more easily cracked than cyclised, since lower molecular weight normal chain units are more stable than the longer ones. 2 During pyrolysis, the content of long-chain radicals decreases, whereas the contents of mid-and short-chain ones increase. Mid-and short-chain radicals undergo further cracking, but in low extent they cyclise forming mainly alkylcyclohexanes, as in natural conditions (bitumen and crude oil). 25, 28 With the increasing thermal stress, cracking is favoured which is documented by the additional n-alkylcyclohexane maxima at C 19 , and C 16 , C 18 (Fig. 2c) in pyrolysates obtained at temperatures of 450 and 500 °C, respectively.
ACL shows slight decrease with temperature rise, whereas CPI values indicate slight predominance of odd over even homologues particularly in short homologues range (C 12 -C 16 , Table V ). Distributions of n-alkylcyclohexanes at 450 and 500 °C showed difference in comparison to distributions of n-alkanes and 1-n-alkenes, which reflects through the increased content of mid-chain-and a slight decrease of short-chain homologues (Table V) .
Distributions of terminal n-dienes were studied using typical m/z 81 ion fragmentogram, which enabled the accurate separation and integration of peaks up to C 32 . The liquid pyrolysis product obtained at 400 °C is characterised by the relatively uniform abundance of all homologues, and in difference to n-alkanes and n-alkenes no prevalence of higher over lower homologues is observed (Fig. 2d) . Liquid pyrolysis products at 450 and 500 °C have higher content of shorter homologues, particularly the latter one. Distributions of short-(C 12 -C 18 ), mid-(C 19 -C 25 ) and long-chain (C 26 -C 32 ) dienes in pyrolysates at 450 and 500 °C show similarity with the distributions of n-alkylcyclohexanes, which reflects through the increase in content of mid-and slight decrease in short-chain homologues (Table V) . ACL values are similar to those for n-alkanes and terminal n-alkenes, indicating that all three types of hydrocarbons are formed in the same type of radical processes. CPI values are very close to 1, however as in previous cases slight predominance of odd over even homologues is observed for the short-chain C 12 -C 18 dienes (Table V) .
The liquid pyrolysates contained very low amount of aromatic hydrocarbons. n-Alkylbenzenes (m/z 92) and n-alkyltoluenes (m/z 105) represent the exclusive aromatics found in HDPE pyrolysates, however in traces which avoided their integration and quantification. These compounds have been formed via dehydrocyclisation of reactive radicals. However, in the open system, short time of remaining and fast releasing of the primary pyrolysis products from the reaction medium by an inert gas disable secondary processes, including the formation of aromatic compounds, which resulted in their trace content.
The above mentioned discussion implies that HDPE can be converted into valuable liquid product by pyrolysis in the open system. This is particularly related to the pyrolysate obtained at 500 °C, which has n-alkane distribution similar 934 KOJIĆ et al. to crude oil of terrestrial origin (Figs. S-1c and 2a) . 25 Pyrolysate at 450 °C has the n-alkane distribution similar to the immature crude oil of terrestrial origin (Figs.  S-1b and 2a) . The pyrolysate obtained at 400 °C is characterised by the prevalence of waxy hydrocarbons (Figs. S-1a and 2a) , which indicates that under the applied conditions this temperature is not sufficient for the producing of liquid product, having the composition of n-alkanes similar to crude oil. This is consistent with the results of TGA analysis (Fig. 1) , which showed negligible degradation of HDPE at 400 °C. Considering that by pyrolysis HDPE was exposed to heating at 400 °C for 4 h, in difference to TGA (6 s), however without significant degradation, the conclusion can be drawn that temperature has much more influence on the degradation process than the time of exposure to the particular temperature. This behaviour is similar to the behaviour of kerogen (insoluble organic matter in coal, oil shale and source rocks) during natural maturity processes. 29 The presence of reactive n-alkenes and n-dienes in liquid pyrolysates is desirable, since these hydrocarbons can be more easily converted into branched and cyclic hydrocarbons than n-alkanes, via reforming processes, therefore giving the opportunity for producing the high-octane gasoline. On the other hand, terminal n-alkenes, which can be isolated, are highly required in petrochemical industry where they are used as chemical feedstock for plastic and detergent manufacture. 30 The obtained results showed that the pyrolysis of HDPE in an open system could not serve as a standalone operation for producing of gasoline or diesel, but preferably as a pretreatment to yield a product which is to be blended into a refinery or a petrochemical feed stream. The important environmental characteristic of liquid pyrolysate in comparison to crude oils is the extremely low content of aromatic hydrocarbons, the absence of undesirable organosulphur compounds, as well as the absence of asphaltenes and polar compounds which requires vacuum distillation.
The composition of gaseous products
Gaseous products produced in the open system pyrolysis could not been analysed. However the qualitative composition of gases was estimated based on TGA coupled to Fourier transform infrared spectroscopy (FTIR), Fig. 3 . 31, 32 The gaseous products of HDPE destruction are light alkane and alkene hydrocarbons. The presence of gaseous alkanes is documented by the peaks around 2950 cm -1 , representing C-H stretching and the peaks around 1370 cm -1 , representing C-H scissoring and bending (Fig. 3) . Gaseous alkenes are represented by peaks at around 3100 cm -1 , corresponding to C-H stretching, peaks around 1450 cm -1 corresponding to C=C stretching, as well as by peaks observed around 910 cm -1 corresponding to C-H bending (Fig. 3) . Much more pronounced peaks of C-H than of C-C or C=C vibrations indicate that the main gaseous products are ________________________________________________________________________________________________________________________ Available on line at www.shd.org.rs/JSCS/ (CC) 2018 SCS.
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935 methane and ethene. The production of CO 2 (peaks between 2300 and 2400 cm -1 corresponding to C=O stretching) can be explained by the presence of the minor amount of oxygen in initial HDPE (Table V) , most probably originating from the additives which are intercalated to improve the properties of HDPE. 33 The further reaction of released CO 2 with hydrocarbons at high temperatures (above 850 °C) resulted in the formation of CO, whose presence is documented by peaks between 2100 and 2200 cm -1 , representing C-O stretching (Fig. 3) . The obtained result suggests that the pyrolysis of HDPE produces valuable gaseous products, rich in methane and ethene. 
The composition of solid pyrolysis products
The results of elemental analysis and the corresponding calculated molecular formulae of initial HDPE and solid residues are given in Table I . The solid residues at all temperatures are slightly depleted in hydrogen in comparison to the initial HDPE, which is expected due to the releasing of n-alkanes into liquid pyrolysate and methane into gas, which are enriched in hydrogen. The initial HDPE and solid residues at all three temperatures do not produce ash by combustion.
The calculated net calorific value based on 9 formulas proposed for hydrocarbon fuels and waste material (including plastic) [34] [35] [36] [37] [38] [39] [40] [41] of the initial HDPE and the solid residues ranged from 38.91 to 46.74 MJ kg -1 (Table VI) and is in agreement with reports from literature. 1, 30, [42] [43] [44] The calorific value of the initial HDPE and the solid pyrolysis products is higher than those of bituminous coal and petroleum coke. 44, 45 Despite the high net calorific values, it can be supposed that the solid residues have undesirable combustion behaviour, due to the melting during combustion. In order to modify the combustion behaviour of the solid residues, its mixing with biomass or coal was suggested. Namely the mixing of coal or bio- mass with plastic residues can have a stabilizing effect on the plastic residues morphology and can prevent its melting during combustion. 46 Based on the obtained results, the mixing of solid residues with coal or biomass for combustion process has advantage, since the solid materials obtained by HDPE pyrolysis do not contain sulphur and do not produce ash by combustion. 
Co-pyrolysis of mineral-rich lignite and HDPE in the open system
As for HDPE, rise of the temperature resulted in the increase of conversion of both lignite and lignite/HDPE mixture into liquid and gaseous products. However, the increase is much more prominent for HDPE and lignite/HDPE mixture, than for lignite alone (Table II) .
The evaluation of the interactions between lignite and HDPE has been carried out by comparing the experimental yields of the co-pyrolysis of the mixture lignite/HDPE and the theoretical (calculated) yields = (yield of lignite + yield HDPE)/2 (Table VII) . At the temperature of 400 °C the experimental and calcul- Table II ated yields are very similar, indicating no synergetic effect between lignite and HDPE. This result can be attributed to the thermal stability of HDPE up to 400 °C (Fig. 1) . However, at the temperatures of 450 °C and particularly 500 °C, the experimental yields of gas and liquid products are obviously higher than the theoretical ones (Table VII) , indicating the synergetic effect between lignite and HDPE. At both temperatures 450 and 500 °C where synergetic effect was observed, the difference between the experimental yields and calculated yields is higher for gaseous than for liquid products. This result is consistent with the predominance of type III kerogen in lignite, which has higher gaseous than liquid hydrocarbon generation potential. 20, 25 
CONCLUSION
The pyrolysis of HDPE in the open system yielded liquid (oil), gas, and solid residue. Rise of the temperature from 400 to 500 °C resulted in the increase of conversion of HDPE into liquid and gaseous products.
The isotopic compositions of the pyrolysis products indicate that pyrolysis of HDPE in the open system follows the order of degradation of carbon-carbon bonds in natural conditions.
The main constituents of all liquid pyrolysates are terminal n-alkenes, n-alkanes and terminal n-dienes. They were identified in range from C 12 to C 43 . n-Alkylcyclohexanes are observed in very low amount, confirming the cyclisation of reactive radicals. n-Alkylbenzenes and n-alkyltoluenes were identified in trace amounts, which documents that the secondary processes are avoided in the open pyrolysis system. The rise of pyrolysis temperature resulted in the increase contents of mid-and short-chain homologues, in the distributions of all mentioned hydrocarbons. The increase of pyrolysis temperature is associated with the increased content of n-dienes and lower content of n-alkanes, whereas terminal n-alkenes comprise about 50 % of liquid pyrolysate at all temperatures. The pyrolysate obtained at 400 °C is characterised by the prevalence of waxy hydrocarbons, which indicates that under the applied conditions this temperature is not sufficient to produce the liquid pyrolysate, having the composition of n-alkanes similar to crude oil. Distribution of n-alkanes in pyrolysate at 500 °C is similar to those of crude oil of terrestrial origin.
The obtained results showed that pyrolysis of HDPE in the open system could not serve for direct producing of gasoline or diesel. However, it is useful as a pretreatment to yield a product to be blended into a refinery or petrochemical feed stream. Remarkable environmental characteristic of liquid pyrolysate in comparison to crude oil is extremely low content of aromatic hydrocarbons and absence of asphaltenes and polar compounds.
The gaseous products produced by the pyrolysis of HDPE have desirable composition and consist mainly of methane and ethene. The generation of hydro-carbon-rich liquid and gaseous products from HDPE can improve the composition of liquid pyrolysates and gases from coal and oil shale by the co-pyrolysis process.
The solid residues showed high calorific values. However, the solid products probably have undesirable combustion behaviour, due to the melting during combustion. Therefore their mixing with coal or biomass is suggested. The mixing of solid residues with coal/biomass for combustion process has advantage, since the solid materials obtained by HDPE pyrolysis do not contain sulphur and do not produce ash by combustion.
The co-pyrolysis of HDPE with mineral-rich lignite indicated the positive synergetic effect at 450 and 500 °C, which is reflected through the increased experimental yields of liquid and gaseous products in comparison to the theoretical ones.
SUPPLEMENTARY MATERIAL
Additional information and total ion current of liquid pyrolysates are available electronically at the pages of journal website: http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
